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METHODS OF OPERATING MULTI-BIT
MEMORY STORAGE DEVICE

PRIORITY CLAIM AND CROSS-REFERENC.

L1

This application 1s a divisional application of U.S. patent
application Ser. No. 17/185,549, filed on Feb. 25, 2021, now
U.S. Pat. No. 11,532,746, granted Dec. 20, 2022, and claims
the benefit of U.S. Provisional Patent Application No.
63/032,082, filed May 29, 2020, which 1s incorporated by

reference herein 1n its entirety.

BACKGROUND

The memory cell 1s the fundamental building block of
memory. It can be implemented using different technologies,
such as bipolar, metal oxide semiconductor (MOS), and
other semiconductor devices. It can also be built from
magnetic material such as ferrite cores or magnetic bubbles.
Regardless of the implementation technology used, the
purpose of the binary memory cell 1s the same, namely
storing one bit of binary information. In some approaches,
the memory cell 1s set to store a 1 and reset to store a zero.

A ferroelectric field-effect transistor (FeFET) 1s a type of
field-effect transistor (FET) that includes a layer of ferro-
clectric material sandwiched between the gate electrode and
source-drain conduction region of the device. FeFET based
devices are used in FeFET memory—a type of single
transistor binary non-volatile memory.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying FIGS. It 1s noted that, in accordance with the
standard practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the wvarious
teatures may be arbitrarily increased or reduced for clarity of
discussion.

FIGS. 1A-1B are corresponding cross-sections of a 2-bit
terroelectric field effect transistor (FeFET), in accordance
with some embodiments.

FIGS. 1C-1E are corresponding waveforms that represent
channel band barrier portions under correspondingly difler-
ent conditions, 1n accordance with some embodiments.

FIGS. 2A-2B are corresponding cross-sections of a 2-bit
FeFFET, 1n accordance with some embodiments.

FIGS. 2C-2E are corresponding waveforms that represent
channel band barrier portions under correspondingly difler-
ent conditions, 1n accordance with some embodiments.

FIGS. 3A-3B are corresponding cross-sections of a 2-bit
FeFET, 1n accordance with some embodiments.

FIGS. 3C-3E are corresponding waveforms that represent
channel band barrier portions under correspondingly difler-
ent conditions, 1n accordance with some embodiments.

FIGS. 4A-4B are corresponding cross-sections of a 2-bit
FeFET, 1n accordance with some embodiments.

FIGS. 4C-4E are corresponding wavelforms that represent
channel band barrier portions under correspondingly difler-
ent conditions, 1n accordance with some embodiments.

FIGS. SA-5B are corresponding cross-sections of corre-
sponding 2-bit FeFETs, 1n accordance with some embodi-
ments.

FIG. 6A 1s a flow diagram for writing to a FeFET, in
accordance with some embodiments.

FIG. 6B 1s a flow diagram for erasing a FeFET, in
accordance with some embodiments.
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FIG. 7 1s a flow diagram for reading a FeFET, in accor-
dance with some embodiments.

DETAILED DESCRIPTION

Without being bound by theory, explanations of underly-
ing physics are provided herein. The following disclosure
provides many different embodiments, or examples, for
implementing different features of the provided subject
matter. Specific examples of components, values, opera-
tions, materials, arrangements, or the like, are described
below to simplity the present disclosure. These are, of
course, merely examples and are not intended to be limiting.
Other components, values, operations, materials, arrange-
ments, or the like, are contemplated. For example, the
formation of a first feature over or on a second feature 1n the
description that follows may include embodiments in which
the first and second features are formed 1n direct contact, and
may also include embodiments 1n which additional features
may be formed between the first and second features, such
that the first and second features may not be 1n direct contact.
In addition, the present disclosure may repeat reference
numerals and/or letters in the various examples. This rep-
etition 1s for the purpose of simplicity and clarity and does
not in 1tself dictate a relationship between the various
embodiments and/or configurations discussed.

Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as 1llustrated 1n the FIGS. The spatially relative terms are
intended to encompass different orientations of the device 1n
use or operation 1n addition to the orientation depicted in the
FIGS. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

In some embodiments, a ferroelectric field-eflect transis-
tor (FeFET) 1s configured as a 2-bit memory device which
stores different data states of bits (b1,b0). The FeFET
includes a ferroelectric layer between a gate region and a
substrate material. At opposite ends of the ferroelectric layer,
and within the substrate material, are a first source-drain
(S/D) region and a second source-drain (S/D) region. In
some embodiments, when representing the data states of
(b1,b0)=(0,1) or (b1,b0)=(1,0), dipoles at the first and sec-
ond ends of the ferroelectric layer have substantially oppo-
site polarizations. In some embodiments, each of the data
states (b1,b0)=(0,1) and (b1,b0)=(1,0) 1s described as an
asymmetric data state, and so the corresponding configura-
tions of the FeFET are described in terms of the FeFET
having corresponding asymmetric polarization states of the
ferroelectric layer.

FIGS. 1A and 1B are corresponding cross-sections of a
2-bit ferroelectric field etfect transistor (FeFET) 100, 1n
accordance with some embodiments.

In some embodiments, FeFET 100 includes a semicon-
ductor substrate 106 which includes a first source/drain
(S/D) region 108 and a second S/D region 110. A gate stack
111 1s over semiconductor substrate 106 with first S/D
region 108 and second S/D region 110 extending to opposite
sides of gate stack 111. Gate stack 111 includes a ferroelec-
tric layer 104 over semiconductor substrate 106 and a gate
region 102 over ferroelectric layer 104. First and second
ends of ferroelectric layer 104 are proximal correspondingly

to first S/D region 108 and second S/D region 110.
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Dipoles are dispersed throughout ferroelectric layer 104.
In particular, ferroelectric layer 104 includes a first set of
dipoles 114A at the second end of ferroelectric layer 104,
and a second set of dipoles 114B at the first end of ferro-
clectric layer 104. The first set of dipoles 114A has a first
polarization. The second set of dipoles 114B has a second
polarization where the second polarization 1s substantially
opposite the first polarization. Each dipole 114A and each
dipole 114B 1s correspondingly represented in FIGS. 1A-2B
by an arrow. As used herein, the arrow head of the dipole
represents a positively charged end of the dipole and the tail
represents a negatively charged end of the dipole. Accord-
ingly, each dipole 114A and each dipole 114B correspond-
ingly represents separation of positive and negative charges,
and vice-versa, within ferroelectric layer 104. For simplicity
of 1llustration, two dipoles 114A and two dipoles 114B are
shown 1n FIGS. 1A-1B (and similarly other cross-sectional
drawings disclosed herein); as a practical matter, a great
many dipoles present in ferroelectric layer 104 and which
have correspondingly the ornentations of dipole 114A or
114B.

In FIG. 1A, regarding a first dipole which has the posi-
tively charged end pointing upward and the negatively
charged end pointing downward, the following 1s assumed:
the first dipole represents a first polarization state; the first
dipole, e.g., dipole 114 A, 1s shown as an arrow whose head
1s pomting upward and whose tail 1s pointing downward;
and the first dipole represents a logical “0”. Also 1n FIG. 1A,
regarding a second dipole which has the negatively charged
end pointing upward and the positively charged end pointing
downward, the following 1s assumed: the second dipole
represents a second polarization state; the second dipole,
¢.g., dipole 114B, 1s shown as an arrow whose tail 1s pointing
upward and whose head i1s pomnting downward; and the
second dipole represents a logical “1.” Accordingly, in FIG.
1A, relative to the X-axis, the polarization of ferroelectric
layer 104 1s asymmetric. More particularly, the polarization
of ferroelectric layer 104 1s asymmetric because the first end
of ferroelectric layer 104 (which 1s proximal to first S/D
region 108) has the second polarization and the second end
of ferroelectric layer 104 (which 1s proximal second S/D
region 110) has the first polarization.

In one or more embodiments, an 1nvertible region 116
extends through semiconductor substrate 106 between first
S/D 108 and second S/D region 110. In some embodiments,
semiconductor substrate has N-type doping such that the
charge carriers are electrons (—) and FeFET 100 1s an N-type
FeFET. In some embodiments, N-type FeFET 100 1is
described as an N-type Metal Oxide Semiconductor FET
(MOSFET) which further includes a ferroelectric layer (e.g.,
terroelectric layer 104) 1nserted between the gate electrode
(e.g., gate region 102) and the invertible region (e.g., invert-
ible region 116). In some embodiments, semiconductor
substrate has P-type doping such that the charge carriers are
holes (+) and FeFET 100 1s a P-type FeFET. In some
embodiments, FeFET 100 includes a metal ferroelectric
insulator semiconductor (MFIS), a single cell transistor
capable of holding an electrical field polarization to retain
one or more steady states in the absence of any electrical
bias or the like.

It ferroelectric layer 104 were not present, and in the
absence of a voltage on gate region 102, mnvertible region
116 would represent a depletion region that does not support
the flow of charge carriers. If ferroelectric layer 104 was not
present, 1 the presence of a suflicient voltage on gate region
102, 1.e., a voltage greater than the threshold voltage, Vi,
invertible region 116 would be mverted and would support
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the flow of charge carriers and so would represent a channel
extending from first S/D region 108 to second S/D region
110.

If both overlying portions of ferroelectric layer 104 have
the first polarization state (not shown in FIG. 1A, but see
FIGS. 3A-3B), and in the absence of voltages correspond-
ingly on gate region 102, first S/D region 108 and second
S/D region 110, then the corresponding portions of 1nvert-
ible region 116 correspondingly are depletion regions that do
not support the tlow of charge carriers. However, 1 both
overlying portions of ferroelectric layer 104 have the second
polarization state (not shown in FIG. 1A, but see FIGS.
4A-4B), and 1n the absence of voltages correspondingly on
gate region 102, first S/D region 108 and second S/D region
110, then the corresponding portions of invertible region 116
do support the tlow of charge carriers.

In FIG. 1A, a first portion of vertible region 116 1s
proximal to the first end of ferroelectric layer 104 and to first
S/D region 108, and a second portion of mvertible region

116 1s proximal to the second end of ferroelectric layer 104
and to second S/D region 110. In FIGS. 1A-1B, a channel

band barrier (CBB) portion 117(1) 1s different than CBB
portion 117(2) for the second portion of invertible region
116. In some embodiments, the CBB represents the bottom
edge of the depletion region within 1nvertible region 116,
wherein the bottom edge of the depletion region 1s distal
from ferroelectric layer 104 and the top edge of the depletion
region 1s proximal to ferroelectric layer 104.

In one or more embodiments, FeFET 100 1s configured to
store one of four possible 2-bit data states, namely (0,1),
(1,0), (1,1) or (0,0). In some embodiments, a bit represented
by the polarization of the second end of ferroelectric layer
104 proximal to S/D region 110 1s referred to as the first bit
or bit zero (b0) of the 2-bit memory structure which FeFET
100 represents, and a bit represented by the polarization of
the first end of ferroelectric layer 104 proximal to S/D region
108 1s referred to as the second bit or bit one (b1) of the 2-bit
memory structure FeFET 100. Accordingly, the two bits are
representable as (b1,b0), where (b1,b0) 1s one of (0,1), (1,0),
(1,1) or (0,0).

In some embodiments, ferroelectric layer 104 1s separated
from substrate 106 by dielectric material 112. In some
embodiments, dielectric material 106 includes an oxide, a
nitride, a carbide, or the like. In some embodiments, gate
region 102 includes a conductive matenal, such as polysili-
con, aluminum, copper, or the like. In various embodiments,
terroelectric layer 104 includes silicon doped hatnium oxide
(S1-doped HIO2), lead ftitanate, lead zirconate titanate
(PZ1), lead lanthanum zirconate titanate, stronttum bismuth
tantalate (SBT), bismuth lanthanum titanate (BLT), bismuth
neodymium titanate (BNT), or the like.

In FIGS. 1A-1B, relative to the X-axis, gate region 102 1s
shown between first and second S/D regions 108, 110. In
some embodiments (see FIG. 5A), gate region 102 and
terroelectric layer 104 partially overlap first S/D region 108
and/or second S/D region 110. In some embodiments (see
FIG. 5B), gate region 102 and ferroelectric layer 104 cover
substantially all of first S/D region 108 and/or second S/
region 110. In some embodiments, first and second SD
regions 108, 110 include a conductive matenal, such as
doped polysilicon, a metal, or the like. In some embodi-
ments, first S/D region 108 and second S/D region 110 have
a first doping type that 1s opposite a second doping type of
the substrate 106. In some embodiments, first S/D region
108 has a diflerent doping concentration and/or shape than
the second S/D region 110. For example, in some embodi-
ments, {irst S/D region 108 has a lower doping concentration
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than second S/D region 110. In some embodiments, the
lower doping concentration of first and second S/D regions
108, 110 mitigates gate induced drain leakage (GIDL)
current in FeFETs. In some embodiments, substrate 106 1s an
opposite dopant type relative to a dopant type of first and
second S/D regions 108, 110. For example, if first and
second S/D regions 108, 110 are n-type, then substrate 106
1s p-type, and vice-versa.

In general, subjecting ferroelectric layer 104 to an electric
field of suflicient magnitude orients dipoles 1n ferroelectric
layer 104 into a corresponding one of two possible polar-
1zation states (bistable states), e.g., dipole 114A and dipole
114B. The corresponding field-induced polarization state
remains after the field 1s removed, 1.e., each of the bistable
polarization states 1s nonvolatile. In terms of the FeFET as
a whole, the two possible polarization states of the layer of
terroelectric material manifest as two corresponding pos-
sible states of the FeFET, namely an erased state and a
programmed state.

In FIG. 1A: bit bl of the 2-bits of data stored by FeFET
100 1s shown as being a logical *“1” and so 1s represented by
the first end of ferroelectric layer 104 (which, again, 1s
proximal to S/D region 108) having the second polarization
as represented by dipoles 114B; and bit b0 of the 2-bits of
data stored by FeFET 100 1s shown as being a logical “0”
and so 1s represented by the second end of ferroelectric layer
104 (which, again, 1s proximal to S/D region 110) having the
first polarization as represented by dipoles 114 A.

In some embodiments, setting a bit to a logical 1 value
(“1™), 1.e., programming the bit, in FeFET 100 1s performed
by applying an appropriate value of a gate voltage (Vg) and
applying a corresponding appropriate value of a source/drain
Veltage (Vs/d) to the selected one of S/D region 108 and 110
that 1s to be set to a 1 value. For example, Vs/d 1s applled to
the first S/D region 108 and/or the second S/D reglen 110
based upon which one of the four 2-bit data states 1s to be
stored on FeFET 100, where the 2-bits (b1,b0) have the state
(0,1), (1,0), (1,1) or (O,JO). In some embodiments, both of bits
bl and b0 are set to “17, 1.e., programmed, in FeFET 100
using Vg=3V and using Vs/d=0V for each of first S/D region
108 and second S/D region 110. In some embodiments, to
program one of bits bl and b0, e.g., bit b0, Vg 1s set to =3V,
second S/D region 110 1s Vs/d=0V at second S/D region 110,
while first S/D region 108 1s leit floating or receives 1V.

In some embodiments, both of bits b1l and b0 are set to
“0”, 1.e., erased, 1n FeFET 100 using Vg=-2V and using
Vs/d=1V for each of first S/D region 108 and second S/D
region 110. In some embodiments, to erase one of bits bl
and b0, e.g., bit b0, Vg 1s set to =-2V, second S/D region 110
1s Vs/d=1V at second S/D region 110, while first S/D region
108 1s left floating or receives OV.

In general, to change the polarization state of a portion of
a ferroelectric layer, the portion of the ferroelectric layer 1s
subjected to an electric field of suilicient magnitude to orient
the dipoles of the portion of the ferroelectric layer which are
in the path of the electric field according to the direction of
the electric field. In some embodiments, an electric field of
suilicient magnitude to orient the dipoles of the ferroelectric
layer 1s referred to as a coercive field (Ec). In some embodi-
ments, and in the context of FeFET 100, a voltage difference
between Vg and Vs/d which 1s of su_ﬁc1e11t magnitude to
induce Ec 1s referred to as a coercive voltage (Vc). In some
embodiments, V¢ i1s at least about 3V.

More particularly, to manipulate the polarization of
dipoles 114A so that bit b0 represents a logical “1,” a
combination of voltage values for Vg and Vs/d (applied to
second S/D region 110) (Vsd_110) 1s applied wherein the
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resulting difference 1s equal to or greater than Vc. In some
embodiments, to change the polarization of dipoles 114A so
as to represent a logical “0,” a combination of Vg=-2V and
Vsd 110=1V 1s used. In a circumstance in which second S/D
region 110 has a higher positive potential than gate region
102, (e.g., Vg==2V and Vsd_110=1V), dipoles 114A
become orientated with the negative ends proximal to sec-
ond S/D region 110 and the positive ends proximal to gate
region 102, resulting 1n the negative ends being proximal to
invertible region 116. To avoid altering the state of bit bl
which 1s represented by the polarization of dipoles 114B,
¢.g., while the polarization of dipoles 114 A 1s being manipu-
lated, a voltage value of Vs/d that 1s applied to first S/D
region 108 (Vsd_108) 1s selected so that a combination of
voltage values for Vg and Vsd_108 results in a voltage
difference that 1s less than V¢ and thus dipoles 114B at first
S/D region 108 are not altered from their previous state. In
some embodiments, to avoid altering the state of bit b1 while
the polarization of dipoles 114A 1s being manipulated (in
part by setting Vg=-2V), first S/D region 108 1s left floating.
In some embodiments, to avoid altering the state of bit bl
while the polarization of dipoles 114 A 1s being manipulated
(1n part by setting Vg=-2V), Vsd_108=0V. In some embodi-
ments, to avoid altering the state of bit bl while the
polarization of dipoles 114 A 1s being manipulated (in part by
setting Vg=-2V), Vsd_108=VSS.

In FIG. 1A, the polarization of the second end of ferro-
clectric layer 104, which 1s proximal to second S/D region
110, thickens the depletion region proximal to second S/
region 110 relative to the Y-axis, and correspondingly raises/
increases CBB portion 117(2) proximal to second S/D
region 110. This raising/increasing of CBB portion 117(2) 1s
discussed 1n more detail below.

FIG. 1B 1s a version of FIG. 1A which shows voltages
applied during a phase 1 of a two-phase process by which bit
bl of the 2-bits of data stored by FeFET 100 1s read. The
two-phase read-preeess for reading the 2-bit state stored 1n
FeFET 100 1s discussed in more detail 1in the context of
FIGS. 1C-1E.

In FIG. 1B, the voltages for phase 1 of the two-phase read
operation are shown. During phase 1 (see also FIG. 1D), the
voltages are configured to read bit bl of the 2-bit data stored
by FeFET 100, wherein bit bl 1s stored at the first end of
terroelectric layer 104 which 1s proximal to first S/D region
108. More particularly, a bias voltage (Vbias) 1s applied to
gate region 102, a read voltage (Vread) 1s applied to second
S/D region 110 and a non-disturbing voltage (Vdnd) 1s
applied to first S/D region 108.

FIGS. 1C-1E are corresponding wavelorms 119, 120 and
128 that represent channel band barrier portions 117(1) and
117(2) under correspondingly different conditions, 1n accor-
dance with some embodiments.

In FIG. 1C, waveform 119 represents channel band barrier
(CBB) portions 117(1) and 117(2) for FeFET 100 during
quiescent conditions. In some embodiments, during quies-
cent conditions for FeFET 100, each of gate region 102, first
S/D region 108 and second S/D region 110 1s leit floating.

In wavelorm 119, CBB portion 117(2) has a first quiescent
CBB value which corresponds to the first polarization state
and so corresponds to a logical zero. Heremafter, the first
quiescent CBB value 1s referred to as QCBBJO0. In waveform
119, CBB portion 117(1) has a second quiescent CBB value
which corresponds to the second polarization state and so
corresponds to a logical one. Hereinafter, the second quies-
cent CBB value 1s referred to as QCBBI.

In FIG. 1D, waveform 120 represents CBB portions
117(1) and 117(2) during phase 1 of the two-phase read
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operation (see FIG. 1B). During phase 1, bit bl 1s read,
wherein bit b1 1s stored at the first end of ferroelectric layer
104, the first end being proximal to first S/D region 108.
During phase 1, Vg=Vbias 1s applied to gate region 102,
Vdnd 1s applied to first S/D region 108 and Vread 1s applied
to second S/D region 110.

In FIG. 1E, waveform 128 represents CBB portions
117(1) and 117(2) during phase 2 of the two-phase read
operation. During phase 2, bit b0 1s read, wherein bit b0 1s
stored at the second end of ferroelectric layer 104, the
second end being proximal to second S/D region 110.
During phase 2, Vg=Vbias 1s applied to gate region 102,
Vdnd 1s applied to second S/D region 110 and Vread 1s
applied to first S/D region 108.

Regarding FIGS. 1D-1E, 1n eflect, relative to the side of
FeFET 100 for which the stored bit value 1s being read
(read-side), Vread 1s applied to the opposite side of FeFET
100 (non-read-side), which might seem counterintuitive at
first. However, the values for Vread and Vg=Vbias are
configured to ensure that the portion of invertible region 116
on the non-read-side of FeFET 100 1s manipulated to support
temporarily a flow of charge carriers. In some embodiments,
the temporary duration of the support corresponds to the
period of time 1n which the values for Vread and Vg=Vbias
are applied which ensure that the portion of invertible region
116 on the non-read-side of FeFET 100 supports a tlow of
charge carriers. By manipulating the non-read-side of
FeFET 100 to support temporarily a flow of charge carriers,
whether or not a current flows between S/D regions 108 and
110 1s then controlled by whether or not the portion of
invertible region 116 on the read-side of FeFET 100 supports
the flow of charge carriers.

Recalling the particular circumstances 1n which the sec-
ond end of ferroelectric layer 104 has the first polarization
representing a logical O value, the portion of invertible
region 116 under the second end of ferroelectric layer 104
has CBB portion 117(2), and that CBB portion 117(2)
accordingly has QCBBO0, a value for Vg=Vbias 1s selected to
be less than Vt for the particular circumstances. However,
for the particular circumstances, the combination of
Veg=Vbias and Vread 1s greater than Vt. Accordingly, in
some embodiments, because Vg=Vbias 1s less than Vt for
the particular circumstances, Vg=Vbias 1s described as sub-
threshold voltage.

In general, assuming the non-read-side 1s being manipu-
lated to support temporarily a flow of charge carriers, if the
read-side of FeFET 100 stores a logical zero because the
read-side of ferroelectric layer 104 1s in the first polarization
state, then the portion of invertible region 116 on the
read-side of FeFET 100 does not support the flow of charge
carriers, resulting in substantially no current tlowing
between S/D regions 108 and 110, which 1s interpreted as the
read-side bit of FeFET 100 storing a logical zero.

Also, 1n general, assuming the non-read-side 1s being
manipulated to support temporarily a tlow of charge carriers,
if the read-side of FeFET 100 stores a logical one because
the read-side of ferroelectric layer 104 1s in the second
polarization state (as shown 1n FIG. 1B), then the portion of
invertible region 116 on the read-side of FeFET 100 does
support the flow of charge carriers, resulting 1n a significant
flow of current between S/D regions 108 and 110, which 1s
interpreted as the read-side bit of FeFET 100 storing a
logical one. In some embodiments, a significant flow current
1s a current flow that would not be regarded as merely a
leakage current.

Regarding FI1G. 1D, 1t shows (again) phase 1 by which bt
b1 1s read. Recalling that bit b1=1 (see FIG. 1A) because the
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first end of ferroelectric layer 104 has the second polariza-
tion and that bit b0=0 (see FIG. 1A) because the second end
of ferroelectric layer 104 has the first polanization, FIG. 1D
assumes that Vg=Vbias 1s being applied to gate region 102,
Vdnd=0V 1s being applied to first S/D region 108 and
Vread=-1V 1s being applied to second S/D region 110.

In the context of FIG. 1D, the voltage diflerence between
Vg=Vhias and Vread (the latter being applied to second S/D
region 110) 1n combination with the first polarization state of
the second end of ferroelectric layer 104 1s suflicient to
overcome the first polarization at the second end of ferro-
clectric layer 104 and consequently 1s suflicient to draw
charge carriers into the portion of invertible region 116 that
1s proximal to second S/D region 110, with a result that the
portion of invertible region 116 which 1s proximal to first
S/D region 108 supports temporarily a flow of charge
carriers. Because of the second polarization at the first end
of ferroelectric layer 104, the portion of mvertible region
116 proximal to first S/D region 108 supports the flow of
charge carriers under quiescent conditions. Accordingly, the
portion of invertible region 116 proximal to first S/D region
108 also supports the flow of charge carriers when
Vg=Vhias 1s being applied to gate region 102 and Vdnd=0V
1s being applied to first S/D region 108. As a temporary
result, both the portion of ivertible region 116 proximal to
first S/D region 108 and the portion of invertible region 116
proximal to second S/D region 110 support the flow of
charge carriers, and consequently current flows from first
S/D region 108 to second S/D region 110 as indicated by
reference number 130 1n FIG. 1D, which 1s interpreted as the
bit b1l of FeFET 100 storing a logical one.

Regarding FIG. 1E, 1t shows (again) phase 2 by which bit
b0 of FeFET 100 1s read. Recalling that bit b1=1 (see FIG.
1A) because the first end of ferroelectric layer 104 has the
second polarization and that bit b0=0 (see FIG. 1A) because
the second end of ferroelectric layer 104 has the first
polarization, FIG. 1E assumes that Vg=Vbias 1s being
applied to gate region 102, Vread=-1V 1s being applied to
first S/D region 108 and Vdnd=0V 1is being applied to second
S/D region 110.

In the context of FIG. 1E, because of the second polar-
1ization at the first end of ferroelectric layer 104, the portion
of invertible region 116 proximal to S/D region 108 supports
the flow of charge carriers under quiescent conditions.
Accordingly, the portion of invertible region 116 proximal to
S/D region 108 also supports the flow of charge carriers
when Vg=Vbias 1s being applied to gate region 102 and
Vread=-1V 1s being applied to first S/D region 108. The
voltage difference between Vg and Vdnd (the latter being
applied to second S/D region 110) in combination with the
second polarization state of the first end of ferroelectric layer
104 1s not suflicient to overcome the first polarization at the
second end of ferroelectric layer 104 and consequently 1s
NOT sutlicient to draw charge carriers into the portion of
invertible region 116 that 1s proximal to second S/D region
110, with a result that the portion of nvertible region 116
which 1s proximal to first S/D region 108 does NOT support
a flow of charge carriers. As a further result, only the portion
of mvertible region 116 proximal to first S/D region 108
supports the flow of charge carriers, and consequently no
current flows from first S/D region 108 to second S/D region
110 as indicated by reference number 129 1n FIG. 1E, which
1s 1nterpreted as the bit b0 of FeFET 100 storing a logical
Zero.

FIGS. 2A and 2B are corresponding cross-sections of a
2-bit FeFET 200, 1n accordance with some embodiments.

FIGS. 2C-2E are corresponding wavetorms 219, 220 and
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228 that represent channel band barrier portions under
correspondingly different conditions, 1n accordance with
some embodiments.

FIGS. 2A-2F follow a similar numbering scheme to that
of FIGS. 1A-1E. Though some aspects correspond, never-
theless there are some aspects that ditfer. To help identify
aspects which correspond, the numbering convention uses
2-series numbers for FIGS. 2A-2E while FIGS. 1A-1E uses
1-series numbers. For example, item 219 1 FIG. 2C 15 a
wavelorm under quiescent conditions and corresponding
item 119 1 FIG. 1C 1s a waveform under quiescent condi-
tions, and wherein: similarities are reflected in the common
root_19; and differences are reflected in the corresponding
leading digit 2 1n FIG. 2C and 1 in FIG. 1C. For brevity, the
discussion will focus more on diflerences between FIGS.
2A-2F and FIGS. 1A-1FE than on similarities.

In some embodiments, FeFET 200 includes a semicon-
ductor substrate 206 which includes a source region 208 and
a drain region 210. A gate stack 211 1s over semiconductor
substrate 206 with source region 208 and drain region 210
(heremafiter referred to as first S/D region 208 and second
S/D region 210) extending to opposite sides of gate stack
211. Gate stack 211 includes a ferroelectric layer 204 over
semiconductor substrate 206 and a gate region 202 over
terroelectric layer 204. First and second ends of ferroelectric
layer 204 are proximal correspondingly to first S/D region
208 and second S/D region 210. Dipoles are dispersed
throughout ferroelectric layer 204. In particular, ferroelectric
layer 204 1ncludes a first set of dipoles 214A at the second
end of ferroelectric layer 204, and a second set of dipoles
214B at the first end of ferroelectric layer 204. In one or
more embodiments, an invertible region 216 extends
through semiconductor substrate 206 between first S/D
region 208 and second S/D region 210.

In FIGS. 2A-2B: bit bl of the 2-bits of data stored by
FeFET 200 1s shown as being a logical “0” and so 1is
represented by the first end of ferroelectric layer 204 (which,
again, 1s proximal to first S/D region 208) having the first
polarization; and bit b0 of the 2-bits of data stored by FeFET
200 1s shown as being a logical “1” and so 1s represented by
the second end of ferroelectric layer 204 (which, again, 1s
proximal to second S/D region 210) having the second
polarization. Accordingly, in FIGS. 2A-2B, relative to the
X-axis, the polarization of ferroelectric layer 204 1s asym-
metric. More particularly, the polarization of ferroelectric
layer 204 1s asymmetric because the first end of ferroelectric
layer 204 (which 1s proximal to first S/D region 208) has the
first polarization and the second end of ferroelectric layer
104 (which 1s proximal second S/D region 210) has the
second polarization.

In FIGS. 2A-2B, the polarization of the first end of
terroelectric layer 204, which 1s proximal to first S/D region
208, thickens the depletion region proximal to first S/D
region 208 relative to the Y-axis, and correspondingly raises/
increases CBB portion 217(1) proximal to first S/D region
208 (see FIG. 2C). This raising/increasing of CBB portion
217(1) 1s discussed 1n more detail below.

FIG. 2A shows voltages applied during phase 2 of the
two-phase process by which bit b0 of the 2-bits of data
stored by FeFET 200 i1s read. FIG. 2B 1s a version of FIG.
2A which shows voltages applied during phase 1 of the
two-phase process by which bit bl of the 2-bits of data
stored by FeFET 200 1s read. The two-phase read-process for
reading the 2-bit state stored in FeFET 200 1s discussed in
more detail in the context of FIGS. 2D-2E.

In FIG. 2B, the voltages for phase 1 of the two-phase read
operation are shown. More particularly, during phase 1 (see
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also FIG. 2D), bit bl of the 2-bit data stored by FeFET 200
1s configured to be read by application of Vg=Vbias to gate
region 202, application of Vread to second S/D region 210
and application of Vdnd to first S/D region 208.

In FIG. 2C, waveform 219 represents CBB portions

217(1) and 217(2) for FeFET 200 during quiescent condi-
tions. In wavetorm 219, CBB portion 217(1) has the first
quiescent CBB value, QCBB0, and CBB portion 217(2) has
the second quiescent CBB value, QCBBI1.

In FIG. 2D, wavelorm 220 represents CBB portions
217(1) and 217(2) during phase 1 of the two-phase read

operation (see FIG. 2B). During phase 1, bit bl 1s read,
wherein bit bl 1s stored at the first end of ferroelectric layer
204, the first end being proximal to first S/D region 208.
During phase 1, Vg=Vbias 1s applied to gate region 202,
Vdnd 1s applied to first S/D region 208 and Vread 1s applied
to second S/D region 210.

In FIG. 2E, waveform 228 represents CBB portions
217(1) and 217(2) during phase 2 of the two-phase read
operation. During phase 2, bit b0 1s read, wherein bit b0 1s
stored at the second end of ferroelectric layer 204, the
second end being proximal to second S/D region 210.
During phase 2, Vg=Vbias 1s applied to gate region 202,
Vdnd 1s applied to second S/D region 210 and Vread 1s
applied to first S/D region 208.

Regarding FIG. 2D, it shows (again) phase 1 by which bit
b1 1s read. Recalling that bit b1=0 (see FIG. 2B) because the
first end of ferroelectric layer 204 has the first polarization
and that bit b0=1 (see FIG. 2A) because the second end of
terroelectric layer 204 has the second polarization, FIG. 2D
assumes that Vg=Vbias 1s being applied to gate region 202,
Vdnd=0V 1s being applied to first S/D region 208 and
Vread=-1V 1s being applied to second S/D region 210.

In the context of FIG. 2D, because of the second polar-
ization at the second end of ferroelectric layer 204, the
portion of imvertible region 216 proximal to second S/D
region 210 supports the tlow of charge carriers under qui-
escent conditions. Accordingly, the portion of nvertible
region 216 proximal to S/D region 210 also supports the
flow of charge carriers when Vg=Vbias 1s being applied to
gate region 202 and Vread=-1V 1s being applied to second
S/D region 210. The voltage difference between Vg and
Vdnd (the latter being applied to first S/D region 108) in
combination with the first polarization state of the first end
of ferroelectric layer 204 1s NOT suflicient to overcome the
first polarization at the first end of ferroelectric layer 204 and
consequently 1s NOT suflicient to draw charge carriers into
the portion of invertible region 216 that 1s proximal to first
S/D region 208, with a result that the portion of mvertible
region 216 which 1s proximal to first S/D region 208 does
NOT support a flow of charge carriers. As a further result,
only the portion of mvertible region 216 proximal to second
S/D region 210 supports the flow of charge carriers, and
consequently no current flows from second S/D region 210
to first S/D region 208 as indicated by reference number 229
in FIG. 2D, which 1s interpreted as the bit bl of FeFET 200
storing a logical zero.

Regarding FIG. 2E, 1t shows (again) phase 2 by which bit
b0 of FeFET 200 1s read. Recalling that bit b1=0 (see FIG.
2A) because the first end of ferroelectric layer 204 has the
first polarization and that bit bO0=1 (see FIG. 2A) because the
second end of ferroelectric layer 204 has the second polar-
ization, FIG. 2E assumes that Vg=Vbias 1s being applied to
gate region 202, Vread=-1V 1s being applied to first S/D
region 208 and Vdnd=0V 1s being applied to second S/D
region 210.
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In the context of FIG. 2E, the voltage difference between
Vg and Vread (the latter being applied to first S/D region
208) 1n combination with the first polarization state of the
first end of ferroelectric layer 204 1s suflicient to overcome
the first polarization at the first end of ferroelectric layer 204
and consequently 1s suflicient to draw charge carriers into
the portion of invertible region 216 that 1s proximal to first
S/D region 208, with a result that the portion of mvertible
region 216 which 1s proximal to first S/D region 208
supports temporarily a flow of charge carriers. Because of
the second polarization at the second end of ferroelectric
layer 204, the portion of invertible region 216 proximal to
S/D region 210 supports the flow of charge carriers under
quiescent conditions. Accordingly, the portion of mvertible
region 216 proximal to S/D region 208 also supports the
flow of charge carriers when Vg=Vbias 1s being applied to
gate region 202 and Vdnd=0V 1s being applied to second
S/D region 210. As a temporary result, both the portion of
invertible region 216 proximal to second S/D region 210 and
the portion of ivertible region 216 proximal to first S/D
region 208 support the flow of charge carriers, and conse-
quently current tlows from second S/D region 110 to {first
S/D region 108 as indicated by reference number 230 1n
FIG. 2E, which 1s interpreted as the bit b0 of FeFET 200
storing a logical one.

FIGS. 3A and 3B are corresponding cross-sections of a
2-bit FeFFT, 1n accordance with some embodiments. FIGS.
3C-3E are corresponding waveforms 319, 320 and 328 that
represent channel band barrier portions under correspond-
ingly diflerent conditions, 1n accordance with some embodi-
ments.

FIGS. 3A-3E follow a similar numbering scheme to that
of FIGS. 1A-1E. Though some aspects correspond, never-
theless there are some aspects that ditfer. To help identify
aspects which correspond, the numbering convention uses
3-series numbers for FIGS. 3A-3E while FIGS. 1A-1E uses
1-series numbers. For example, 1tem 319 1 FIG. 3C 15 a
wavelorm under quiescent conditions and corresponding
item 119 1 FIG. 1C 1s a waveform under quiescent condi-
tions, and wherein: similarities are reflected in the common
root _19; and differences are reflected 1n the corresponding
leading digit 3 1n FIG. 3C and 1 in FIG. 1C. For brevity, the
discussion will focus more on diflerences between FIGS.
3A-3E and FIGS. 1A-1E than on similarities.

In some embodiments, FeFET 300 includes a semicon-
ductor substrate 306 which includes a source region 308 and
a drain region 310. A gate stack 311 1s over semiconductor
substrate 306 with source region 308 and drain region 310
extending to opposite sides of gate stack 311. Gate stack 311
includes a ferroelectric layer 304 over semiconductor sub-
strate 306 and a gate region 302 over ferroelectric layer 304.
First and second ends of ferroelectric layer 304 are proximal
correspondingly to first S/D region 308 and second S/D
region 310. Dipoles are dispersed throughout ferroelectric
layer 304. In particular, ferroelectric layer 304 includes a
first set of dipoles 314 A at the second end of ferroelectric
layer 304, and a second set of dipoles 314B at the first end
of ferroelectric layer 304. Invertible region 316 extends
through semiconductor substrate 306 between source region
308 and drain region 310 (hereinaiter referred to as first S/D
region 308 and second S/D region 310.

In FIGS. 3A-3B: bit bl of the 2-bits of data stored by
FeFET 300 1s shown as being a logical “0” and so 1is
represented by the first end of ferroelectric layer 304 (which,
again, 1s proximal to first S/D region 308) having the {first
polarization; and bit b0 of the 2-bits of data stored by FeFET
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the second end of ferroelectric layer 304 (which, again, 1s
proximal to second S/D region 310) having the first polar-
1zation. Accordingly, 1n FIGS. 3A-3B, relative to the X-axis,
the polarization of ferroelectric layer 304 1s symmetric.
More particularly, the polarization of ferroelectric layer 304
1s symmetric because the first end of ferroelectric layer 304
(which 1s proximal to first S/D region 308) has the first
polarization and the second end of ferroelectric layer 304
(which 1s proximal second S/D region 310) has the first
polarization.

In FIGS. 3A and 3B, the polanzation of the first and
second ends of ferroelectric layer 304, which are corre-
spondingly proximal to first S/D region 308 and second S/D
region 310, thickens the depletion regions proximal to first
S/D region 308 and second S/D region 310 relative to the
Y-axis, and correspondingly raises/increases the CBB por-
tions 317(1) and 317(2) proximal correspondingly to first
S/D region 308 and second S/D region 310. This raising/
increasing of CBB portions 317(1) and 317(2) 1s discussed
in more detail below.

FIG. 3A shows voltages applied during phase 2 of the
two-phase process by which bit b0 of the 2-bits of data
stored by FeFET 300 1s read. FIG. 3B 1s a version of FIG.
3A which shows voltages applied during phase 1 of the
two-phase process by which bit bl of the 2-bits of data
stored by FeFET 300 1s read. The two-phase read-process for
reading the 2-bit state stored 1n FeFET 300 1s discussed in
more detail in the context of FIG. 3D-3E.

In FIG. 3B, the voltages for phase 1 of the two-phase read
operation are shown. More particularly, during phase 1 (see
also FIG. 3D), bit bl of the 2-bit data stored by FeFET 300
1s configured to be read by application of Vg=Vbias to gate
region 302, application of Vread to second S/D region 310
and application of Vdnd to first S/D region 308.

In FIG. 3C, wavetorm 319 represents CBB portions
317(1) and 317(2) for FeFET 300 during quiescent condi-
tions. In wavetorm 319, each of CBB portion 317(1) and
317(2) has the first quiescent CBB value, QCBBO.

In FIG. 3D, waveform 320 represents CBB portions
317(1) and 317(2) during phase 1 of the two-phase read
operation (see FIG. 3B). During phase 1, bit bl 1s read,
wherein bit b1 1s stored at the first end of ferroelectric layer
304, the first end being proximal to first S/D region 308.
During phase 1, Vg=Vbias 1s applied to gate region 302,
Vdnd 1s applied to first S/D region 308 and Vread 1s applied
to second S/D region 310.

In FIG. 2E, waveform 328 represents CBB portions
317(1) and 317(2) during phase 2 of the two-phase read
operation. During phase 2, bit b0 1s read, wherein bit b0 1s
stored at the second end of ferroelectric layer 304, the
second end being proximal to second S/D region 310.
During phase 2, Vg=Vbias 1s applied to gate region 302,
Vdnd 1s applied to second S/D region 310 and Vread 1s
applied to first S/D region 308.

Regarding FIG. 3D, it shows (again) phase 1 by which bit
b1 1s read. Recalling that bit b1=0 (see FIG. 3B) because the
first end of ferroelectric layer 304 has the first polarization
and that bit b0=0 (see FIG. 3A) because the second end of
terroelectric layer 304 has the first polarization, FIG. 3D
assumes that Vg=Vbias 1s being applied to gate region 302,
Vdnd=0V 1s being applied to first S/D region 308 and
Vread=-1V 1s being applied to second S/D region 310.

In the context of FIG. 3D, the voltage diflerence between
Vg and Vread (the latter being applied to second S/D region
310) 1n combination with the first polarization state of the
second end of ferroelectric layer 304 1s suflicient to over-
come the first polarization at the second end of ferroelectric
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layer 304 and consequently 1s suflicient to draw charge
carriers into the portion of invertible region 316 that is
proximal to second S/D region 310, with a result that the
portion of invertible region 316 which 1s proximal to second
S/D region 310 temporarily supports a flow of charge
carriers. However, the voltage difference between Vg and
Vdnd (the latter being applied to first S/D region 308) in
combination with the first polarization state of the first end
of ferroelectric layer 304 1s NOT suflicient to overcome the
first polarization at the first end of ferroelectric layer 304 and
consequently 1s NOT suihlicient to draw charge carriers into
the portion of invertible region 316 that 1s proximal to first
S/D region 308, with a result that the portion of mvertible
region 316 that 1s proximal to first S/D region 308 does NOT
support a tlow of charge carriers. As a further result, only the
portion ol nvertible region 316 proximal to second S/D
region 310 supports temporarily the flow of charge carriers,
and consequently no current flows from second S/D region
310 to first S/D region 308 as indicated by reference number
329 in FIG. 3D, which 1s interpreted as the bit bl of FeFET
300 storing a logical zero.

Regarding FIG. 3E, it shows (again) phase 2 by which bit
b0 of FeFET 300 1s read. Recalling that bit b1=0 (see FIG.
3A) because the first end of ferroelectric layer 304 has the
first polarization and that bit b0=0 (see FIG. 3A) because the
second end of ferroelectric layer 304 has the first polariza-
tion, FIG. 3E assumes that Vg=Vbias 1s being applied to gate
region 302, Vread=-1V 1s being applied to first S/D region
308 and Vdnd=0V 1s being applied to second S/D region
310.

In the context of FIG. 3E, the voltage difference between
Vg and Vread (the latter being applied to first S/D region
308) 1n combination with the first polarization state of the
first end of ferroelectric layer 304 1s suflicient to overcome
the first polarization at the first end of ferroelectric layer 304
and consequently 1s suflicient to draw charge carriers into
the portion of invertible region 316 that i1s proximal to first
S/D region 308, with a result that the portion of mvertible
region 316 which 1s proximal to first S/D region 308
temporarily supports a flow of charge carriers. However, the
voltage difference between Vg and Vdnd (the latter being
applied to second S/D region 310) in combination with the
first polarization state of the second end of ferroelectric layer
304 1s NOT suilicient to overcome the first polarization at
the second end of ferroelectric layer 304 and consequently
1s NOT suflicient to draw charge carriers into the portion of
invertible region 316 that 1s proximal to second S/D region
310, with a result that the portion of invertible region 316
which 1s proximal to second S/D region 310 does NOT
support a flow of charge carriers. As a result, only the portion
of 1nvertible region 316 proximal to first S/D region 308
supports temporarily the flow of charge carriers, and con-
sequently no current flows from first S/D region 308 to
second S/D region 310 as indicated by reference number 329
in FIG. 3E, which 1s interpreted as the bit b0 of FeFET 300
storing a logical zero.

FIGS. 4A and 4B are corresponding cross-sections of a
2-bit FeFFT, 1n accordance with some embodiments. FIGS.
4C-4E are corresponding wavetforms 419, 420 and 428 that
represent channel band barrier portions under correspond-
ingly diflerent conditions, 1n accordance with some embodi-
ments.

FIGS. 4A-4E follow a similar numbering scheme to that
of FIGS. 1A-1E. Though some aspects correspond, never-
theless there are some aspects that ditfer. To help identify
aspects which correspond, the numbering convention uses
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1-series numbers. For example, item 419 1n FIG. 4C 1s a
wavelform under quiescent conditions and corresponding
item 119 in FIG. 1C 1s a waveform under quiescent condi-
tions, and wherein: similarities are reflected 1in the common
root _19; and differences are reflected in the corresponding

leading digit 4 1n FIG. 4C and 1 1n FIG. 1C. For brevity, the
discussion will focus more on diflerences between FIGS.
4A-4E and FIGS. 1A-1E than on similarities.

In some embodiments, FeFET 400 includes a semicon-
ductor substrate 406 which includes a source region 408 and
a drain region 410. A gate stack 411 1s over semiconductor
substrate 406 with source region 408 and drain region 410
extending to opposite sides of gate stack 411. Gate stack 411
includes a ferroelectric layer 404 over semiconductor sub-
strate 406 and a gate region 402 over ferroelectric layer 404.
First and second ends of ferroelectric layer 404 are proximal
correspondingly to first S/D region 408 and second S/D
region 410. Dipoles are dispersed throughout ferroelectric
layer 404. In particular, ferroelectric layer 404 includes a
first set of dipoles 414A at the second end of ferroelectric
layer 404, and a second set of dipoles 414B at the first end
of ferroelectric layer 404. Invertible region 416 extends
through semiconductor substrate 406 between source region
408 and drain region 410 (hereinafter referred to as first
source/drain (S/D) region 408 and second S/D region 410).

In FIGS. 4A-4B: bit bl of the 2-bits of data stored by
FeFET 400 1s shown as bemng a logical “1” and so 1is
represented by the first end of ferroelectric layer 404 (which,
again, 1s proximal to first S/D region 408) having the second
polarization; and bit b0 of the 2-bits of data stored by FeFET
400 1s shown as being a logical “1” and so 1s represented by
the second end of ferroelectric layer 404 (which, again, 1s
proximal to second S/D region 410) having the second
polarization. Accordingly, in FIGS. 4A-4B, relative to the
X-axis, the polarization of ferroelectric layer 404 1s sym-
metric. More particularly, the polarization of ferroelectric
layer 404 1s symmetric because the first end of ferroelectric
layer 404 (which 1s proximal to first S/D region 408) has the
second polarization and the second end of ferroelectric layer
404 (which 1s proximal second S/D region 410) has the
second polarization.

In FIGS. 4A and 4B, the polanization of the first and
second ends of ferroelectric layer 404, which are corre-
spondingly proximal to first S/D region 408 and second S/
region 410, thin the depletion regions proximal to first S/D
region 408 and second S/D region 410 relative to the Y-axis,
and correspondingly lowers/decreases the CBB portions
417(1) and 417(2) proximal correspondingly to first S/D
region 408 and second S/D region 410. This lowering/
decreasing of CBB portions 417(1) and 417(2) 1s discussed
in more detail below.

FIG. 4A shows voltages applied during phase 2 of the
two-phase process by which bit b0 of the 2-bits of data
stored by FeFET 400 1s read. FIG. 4B 1s a version of FIG.
4A which shows voltages applied during a phase 1 of the
two-phase process by which bit bl of the 2-bits of data
stored by FeFET 400 1s read. The two-phase process by
which the 2-bit state stored in FeFET 400 1s discussed in
more detail 1n the context of FIGS. 4C-4E.

In FIG. 4B, the voltages for phase 1 of the two-phase read
operation are shown. More particularly, during phase 1 (see
also FIG. 4D), bit bl of the 2-bit data stored by FeFET 400
1s configured to be read by application of Vg=Vbias to gate
region 402, application of Vread to second S/D region 410
and application of Vdnd to first S/D region 408.

In FIG. 4C, wavetorm 419 represents CBB portions
417(1) and 417(2) for FeFET 400 during quiescent condi-
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tions. In waveform 419, each of CBB portions 417(1) and
417(2) for FeFET 400 has the second quiescent CBB,
QCBBI.

In FIG. 4D, wavetform 420 represents CBB portions
417(1) and 417(2) during phase 1 of the two-phase read
operation. During phase 1, bit bl 1s read, wherein bit b1 1s
stored at the first end of ferroelectric layer 404, the first end
being proximal to first S/D region 408. During phase 1,
Vg=Vbias 1s applied to gate region 302, Vdnd 1s applied to
first S/D region 408 and Vread 1s applied to second S/D
region 410.

In FIG. 4E, wavelorm 428 represents CBB portions
417(1) and 417(2) during phase 2 of the two-phase read
operation. During phase 2, bit b0 1s read, wherein bit b0 1s
stored at the second end of ferroelectric layer 404, the
second end being proximal to second S/D region 410.
During phase 2, Vdnd 1s applied to second S/D region 410
and Vread 1s applied to first S/D region 408.

Regarding FI1G. 4D, 1t shows (again) phase 1 by which bt
b1 1s read. Recalling that bit b1=1 (see FI1G. 4B) because the
first end of ferroelectric layer 404 has the second polariza-
tion and that bit b0=1 (see FI1G. 4B) because the second end
of ferroelectric layer 404 has the second polarization, FIG.
4D assumes that Vg=Vbias 1s being applied to gate region
402, Vdnd=0V 1s being applied to first S/D region 408 and
Vread=-1V 1s being applied to second S/D region 410.

In the context of FIG. 4D, because of the second polar-
ization at the second end of ferroelectric layer 404, the
portion ol nvertible region 416 proximal to second S/D
region 410 supports the tlow of charge carriers under qui-
escent conditions. Accordingly, the portion of invertible
region 416 proximal to second S/D region 410 also supports
the flow of charge carriers when Vg=Vbias 1s being applied
to gate region 402 and Vread=-1V 1s beimng applied to
second S/D region 410. Furthermore, because of the second
polarization at the first end of ferroelectric layer 404, the
portion of mvertible region 416 proximal to first S/D region
408 supports the flow of charge carriers under quiescent
conditions. Accordingly, the portion of invertible region 416
proximal to first S/D region 408 also supports the flow of
charge carriers when Vg=Vbias 1s being applied to gate
region 402 and Vdnd=0V 1s being applied to first S/D region
408. As a result, both the portion of invertible region 416
proximal to first S/D region 408 and the portion of invertible
region 416 proximal to second S/D region 410 support the
flow of charge carriers, and consequently current tflows from
second S/D region 410 to first S/D region 408 as indicated
by reference number 430 1n FIG. 4D, which 1s interpreted as
the bit bl of FeFET 400 storing a logical one.

Regarding FIG. 4E, it shows (again) phase 2 by which bt
b0 of FeFET 400 1s read. Recalling that bit b1=1 (see FIG.
4A) because the first end of ferroelectric layer 404 has the
second polarization and that bit b0=1 (see FIG. 4A) because
the second end of ferroelectric layer 404 has the second
polarization, FIG. 4E assumes that Vg=Vbias i1s being
applied to gate region 402, Vread=—1V 1s being applied to
first S/D region 408 and Vdnd=0V 1s being applied to second
S/D region 410.

In the context of FIG. 4E, because of the second polar-
ization at the first end of ferroelectric layer 404, the portion
of 1nvertible region 416 proximal to first S/D region 408
supports the flow of charge carriers under quiescent condi-
tions. Accordingly, the portion of invertible region 416
proximal to first S/D region 408 also supports the flow of
charge carriers when Vg=Vbias 1s being applied to gate
region 402 and Vread=-1V 1s being applied to first S/D
region 408. Furthermore, because of the second polarization
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at the second end of ferroelectric layer 404, the portion of
invertible region 416 proximal to second S/D region 410
also supports the flow of charge carriers under quiescent
conditions. Accordingly, the portion of invertible region 416
proximal to second S/D region 408 also supports the flow of
charge carriers when Vg=Vbias 1s being applied to gate
region 402 and Vdnd=0V 1s being applied to second S/D
region 410. As a result, both the portion of invertible region
416 proximal to second S/D region 410 and the portion of
invertible region 416 proximal to first S/D region 408
support the flow of charge carriers, and consequently current
flows from first S/D region 408 to second S/D region 410 as
indicated by reference number 430 in FIG. 4E, which 1s
interpreted as the bit bl of FeFET 400 storing a logical one.

In some embodiments, FIGS. SA and 5B are correspond-
ing cross-sections of a 2-bit FeFET, memory 1n accordance
with some embodiments.

FIGS. 5A-5B follow a similar numbering scheme to that
of FIGS. 1A-1E. Though some aspects correspond, never-
theless there are some aspects that differ. To help identify
aspects which correspond, the numbering convention uses
S-series numbers for FIGS. SA-5B while FIGS. 1A-1FE uses
1-series numbers. For example, item S08A 1n FIG. 5A 15 a
first S/D region, corresponding item 508B 1n FIG. 3B 1s a
first S/D region and corresponding item 108 1n FIG. 1A 1s a
first S/D region, and wherein: similarities are retlected in the
common root 08; and differences are retlected in the
corresponding leading digit 5 1n FIGS. 5A-5B and 1 in FIG.
1A, and further diflerences are noted in the suthixes “A” 1n
FIG. 5A and “B” 1n FI1G. 5B. For brevity, the discussion will
focus more on differences between FIGS. SA-5B and FIGS.
1A-1E than on similarities.

In some embodiments, each of FeFETs 500A and 500B
includes a semiconductor substrate 506A and 5068 which
includes a source region S08A and 508B and a drain region
510A and 510B. A ferroelectric layer 504 A and 504B 1s over
semiconductor substrate 506A and 506B and a gate region
502A and 502B 1s over ferroelectric layers S04 A and 504B.
First and second ends of ferroelectric layer 504A and 504B
are proximal to corresponding first S/D regions S08A and
508B and corresponding second S/D regions 310A and
510B.

In some embodiments, memory structures S00A and 5008
have gate regions 502A and 502B and ferroelectric layers
504A and 504B that extend correspondingly over S/D
regions S08A, 5088, 510A and 510B and create correspond-
ingly overlap zones 550A and 550B. By contrast, there 1s
substantially no overlap between gate region 102 and cor-
responding S/D regions 108 and 110 of FIG. 1A.

Relative to the X-axis, and assuming that widths of S/D
regions S08A and 510A and invertible region 516A are
substantially the same as corresponding S/D regions 108 and
110 and invertible region 116, overlap zones 550A increase
the widths of gate region 502A and ferroelectric layer 504 A
as compared correspondingly to gate region 102 and ferro-
clectric layer 104 of FIG. 1A. In some embodiments,
depending upon whether the first and second ends of ferro-
clectric layer 504 A correspondingly have the first or second
polarizations, overlap zones 5350A create correspondingly
greater or smaller values of the channel band barrier for
portions of invertible region 316 A proximal correspondingly
to S/D regions 508A and 510A as compared to correspond-
ing circumstances for FIG. 1A.

Relative to the X-axis, and assuming that widths of S/D
regions 308B and 510B and invertible region 516B are
substantially the same as corresponding S/D regions S08A
and 5310A and invertible region 516, overlap zones 350B
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increase the widths of gate region 502B and ferroelectric
layer 504B as compared correspondingly to gate region
502A and ferroeclectric layer 504A of FIG. 5A. In some
embodiments, depending upon whether the first and second
ends of ferroelectric layer 504B correspondingly have the
first or second polarizations, overlap zones 350B create
correspondingly greater or smaller values of the channel
band barrier for portions of invertible region 5168 proximal
correspondingly to S/D regions 308B and 510B as compared
to corresponding circumstances for FIG. SA.

FIG. 6A 1s a flow diagram for writing to a FeFET, in
accordance with some embodiments.

In some embodiments, a process of writing to a FeFET
configured as a 2-bit storage device, the FeFET having a first
source/drain (S/D) terminal, a second S/D terminal, and a
gate terminal and a ferroelectric layer, includes writing
asymmetrically to the 2-bit storage device, 1.e., writing to a
first bit of the two bits while not disturbing a second bit of
the two bits, or conversely writing to the second bit of the
two bits while not disturbing the first bit of the two bits, and
hereinafter 1s referred to as an asymmetric writing process.

The asymmetric writing process of FIG. 6A includes
blocks 602-606. For simplicity of illustration, blocks 604-
606 assume that the first bit of the two bits 1s being written
while the second bit of the two bits 1s not being disturbed.
Examples are mentioned below 1n the discussion of blocks
602-606; the examples assume that the FeFET 1s an N-type
FeFET.

At block 602, a programming voltage 1s applied to the
gate terminal. Examples of the gate terminal include gate
terminals 102, 202, 302, 402, 502A, 502B, or the like. More
particularly, to set a bit to a logical 1 value 1n a memory
structure, 1.€., to program the bit, an appropriate gate voltage
(Vg) 1s applied to the gate terminal. An example value of the
programming voltage used to program a bit 1s Vg=3V (see

discussion of FIG. 1A). From block 602, flow proceeds to
block 604.

At block 604, a corresponding first voltage 1s applied to
the first S/D terminal, wherein the first voltage 1s lower than
the programming voltage. In some embodiments, a positive
voltage bias Vs/d 1s applied to the first S/D region 1n order
to set a logical 1 value. For example, assuming a coercive
voltage Vc=3V (see discussion of FIG. 1A), and further
assuming that Vg=3V, Vs/d 1s set to OV 1n order to create a
voltage difference between the gate terminal and the first
S/D terminal which 1s equal to (or greater than) the coercive
voltage Vc of 3V, and thus the voltage difference 1s suflicient
to orient the dipoles of the ferroelectric layer to have the
second polarization (see discussion of FIG. 1A). Examples
of the ferroelectric layer include ferroelectric layers 104,
204, 304, 404, 504A, 504B, or the like. An example of an
S/D terminal programmed to a logical 1 value 1s first S/D
region 108, second S/D region 210, first S/D region 408,
second S/D region 410, first S/D region 510A, second S/D
region 510, first S/D region 508B, second S/D region 5108,
or the like. From block 604, flow proceeds to block 606.

At block 606, the second S/D terminal 1s left floating. In
some embodiments, substantially zero volts 1s applied to the
second S/D terminal 1n order to create a voltage difference
between the gate terminal and the second S/D terminal
which 1s significantly less than the coercive voltage Ve,
Vc=3V, and thus the voltage difference 1s not suilicient to
orient the dipoles of the ferroelectric layer to have the
second polarization. As a result, the polarization of the
second S/D terminal 1s unaflected.

As noted, blocks 604-606 assume that the first bit of the
two bits 1s being written while the second bit of the two bits
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1s not being disturbed. Performing the converse, namely
writing to the second bit of the two bits while not disturbing
the first bit of the two bits, includes the following: at block
604, the first voltage 1s applied to the second S/D terminal
rather than the first S/D terminal; and, at block 606, the first
S/D terminal 1s left floating rather than the second S/D
terminal.

FIG. 6B 1s a flow diagram for erasing a FeFET, 1n
accordance with some embodiments.

In some embodiments, a process of erasing a FeFET
configured as a 2-bit storage device, the FeFE'T having a first
source/drain (S/D) terminal, a second S/D terminal, and a
gate terminal, includes asymmetrically erasing the 2-bit
storage device, 1.e., erasing a first bit of the two bits while
not disturbing a second bit of the two bits, or conversely
erasing the second bit of the two bits while not disturbing the
first bit of the two bits, and hereinafter 1s referred to as an
asymmetric erasing process.

The asymmetric erasing process of FIG. 6B includes
blocks 622-626. For simplicity of illustration, blocks 624-
626 assume that the first bit of the two bits 1s being erased
while the second bit of the two bits 1s not being disturbed.
Examples are mentioned below 1n the discussion of blocks
622-626; the examples assume that the FeFET 1s an N-type
FeFET.

At block 622, an erasing voltage 1s applied to the gate
terminal. Examples of the gate terminal include gate termi-
nals 102, 202, 302, 402, 502A, 5028, or the like. More
particularly, to set a bit to a logical 0 value 1n a memory
structure, 1.e., to erase the bit, an appropriate gate voltage
(Vg) 1s applied to the gate terminal. An example value of the
erasing voltage used to erase a bit1s Vg=-2V (see discussion
of FIG. 1A). From block 622, tlow proceeds to block 624.

At block 624, a corresponding first voltage 1s applied to
the first S/D terminal, wherein the first voltage 1s higher than
the erasing voltage. In some embodiments, a positive volt-
age bias Vs/d 1s applied to the first S/D region in order to set
a logical 1 value. For example, assuming a coercive voltage
Vc=3V (see discussion of FIG. 1A), and further assuming
that Vg=-2V, Vs/d 1s set to 1V 1n order to create a voltage
difference between the gate terminal and the first S/D
terminal which 1s equal to (or greater than) the coercive
voltage Vc of 3V, and thus the voltage difference 1s suilicient
to orient the dipoles of the ferroelectric layer to have the first
polarization (see discussion of FIG. 1A). Examples of the
terroelectric layer include ferroelectric layers 104, 204, 304,
404, 504 A, 504B, or the like. An example of an S/D terminal
programmed to a logical O value 1s second S/D region 110,
first S/D region 208, first S/D region 308, second S/D region
310, or the like. From block 624, tflow proceeds to block 626.

At block 626, the second S/D terminal 1s leit floating. In
some embodiments, substantially zero volts 1s applied to the
second S/D terminal 1n order to create a voltage difference
between the gate terminal and the second S/D terminal
which 1s significantly less than the coercive voltage Vc,
Vc=3V, and thus the voltage difference 1s not suflicient to
orient the dipoles of the ferroelectric layer to have the first
polarization. As a result, the polarization of the second S/D
terminal 1s unaifected.

As noted, blocks 624-626 assume that the first bit of the
two bits 1s being erased while the second bit of the two bits
1s not being disturbed. Performing the converse, namely
erasing the second bit of the two bits while not disturbing the
first bit of the two bits, includes the following: at block 624,
the first voltage 1s applied to the second S/D terminal rather
than the first S/D terminal; and, at block 666, the first S/D

terminal 1s left tfloating rather than the second S/D terminal.
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FIG. 7 1s flow diagram of a reading a FeFET configured
as a 2-bit storage device, 1n accordance with some embodi-
ments.

In some embodiments, a process of reading a FeFET
configured as a 2-bit storage device, the FeFET including a
first source/drain (S/D) termunal, a second S/D terminal, a
gate terminal and a ferroelectric layer, includes applying
asymmetric voltages correspondingly to the first and second
S/D regions, and hereinatter 1s referred to as an asymmetric
reading process.

The asymmetric reading process of FI1G. 7 includes blocks
702-714. Examples are mentioned below 1n the discussion
of blocks 702-714; the examples assume that the FeFET 1s
an N-type FeFET. In general, blocks 702-708 read the
second bit, bl of the pair (b1,b0), stored at the first end of
the ferroelectric layer, the first end being proximal to the first
S/D region. In general, blocks 702 and 710-714 read the first
bit, b0 of the pair (b1,b0), stored at the second end of the
terroelectric layer, the second end being proximal to the

second S/D region.

At block 702, a sub-threshold value of a gate voltage, Vg,
1s applied to the gate terminal. Examples of the gate terminal
include gate terminals 102, 202, 302, 402, 502A, 502B, or
the like. As discussed 1n the context of FIGS. 1D-1E, or the
like, an example of the sub-threshold voltage applied to the
gate terminal 1s Vg=1V. From block 702, flow proceeds to
block 704.

At block 704, a read voltage 1s applied to the second S/D
terminal. The read voltage applied to the second S/D termi-
nal 1s lower than the sub-threshold voltage applied to the
gate terminal. As discussed 1n the context of FIGS. 1D-1FE,
or the like, an example of the read voltage 1s Vread=-1V.
From block 704, flow proceeds to block 706.

At block 706, a do-not-disturb voltage, Vdnd, 1s applied
to the first S/D terminal. As discussed 1n the context of FIGS.
1D-1E, or the like, an example of Vdnd 1s Vdnd=0V. From
block 706, tlow proceeds to block 708.

At block 708, a first current 1s sensed. As discussed 1n the
context of FIGS. 1D, 4D, or the like, 1 the second bit, b1 of
the pair (b1l,b0), 1s a logical 1 value, then a significant
non-zero current 1s sensed at the second S/D terminal. That
1s, 1 a significant non-zero current 1s sensed, then bl 1s
inferred to have a logical 1 value. By contrast, as discussed
in the context of FIG. 2D, 3D, or the like, 1f the second bit,
b1 of the pair (b1,b0), 1s a logical 0 value, then substantially
zero current 1s sensed at the second S/D terminal. That 1s, 1f
substantially no current 1s sensed, then b1 1s inferred to have

a logical 0 value. From block 708, flow proceeds to block
710.

At block 710, the read voltage 1s applied to the first S/D
terminal. It 1s to be understood that the sub-threshold voltage
continues to be applied to the gate terminal in blocks
710-712. From block 710, flow proceeds to block 712.

At block 712, the do-not-disturb voltage, Vdnd, 1s applied
to the second S/D terminal. From block 712, tlow proceeds
to block 708.

At block 714, a second current 1s sensed. As discussed in
the context of FIG. 2E, 4E, or the like, 1f the first bit, b0 of
the pair (b1,b0), 1s a logical 1 value, then a significant
non-zero current 1s sensed at the first S/D terminal. That 1s,
il a significant non-zero current 1s sensed, then b0 1s inferred
to have a logical 1 value. By contrast, as discussed in the
context of FIGS. 1E, 3E, or the like, 11 the second bit, b0 of
the pair (b1,b0), 1s a logical O value, then substantially zero
current 1s sensed at the first S/D terminal. That 1s, 1f
substantially no current 1s sensed, then b0 1s inferred to have
a logical O value.
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In some embodiments, a 2-bit state of (0,0) i1s inferred
when each of the first and the second current 1s substantially
zero. In some embodiments, a 2-bit state of (0,1) 1s inferred
when the {irst current 1s substantially zero and the second
current 1s a significant non-zero value. In some embodi-
ments, a 2-bit state of (1,0) 1s inferred when the second

current 1s substantially zero and the first current 1s a signifi-
cant non-zero value. In some embodiments, a 2-bit state of
(1,1) 1s inferred when each of the first and the second current
1s a significant non-zero value.

In some embodiments, a method of reading a ferroelectric
field-eflect transistor (FeFET) (configured as a 2-bit storage
device that stores two bits, the 2-bit storage device including
a {irst source/drain (S/D) terminal, a second S/D terminal, a
gate terminal and a ferroelectric layer, the second bit being
stored at a first end of the ferroelectric layer, the first end
being proximal to the first S/D terminal) includes reading the
second bit including applying a gate sub-threshold voltage to
the gate terminal; applying a read voltage to the second S/D
terminal; applying a do-not-disturb voltage to the first S/D
terminal; sensing a first current at the second S/D terminal;
and wherein the read voltage 1s lower than the do-not-disturb
voltage.

In some embodiments, the do-not-disturb voltage 1s lower
than the gate sub-threshold voltage.

In some embodiments, the method further includes read-
ing a first bit of the two baits, the first bit being stored at a
second end of the ferroelectric layer, the second end being
proximal to the second S/D terminal, the reading a first bit
including applying the gate sub-threshold voltage to the gate
terminal; applying the read voltage to the first S/D terminal;
applying the do-not-disturb voltage to the second S/D ter-

minal; and sensing a second current at the first S/D terminal.

In some embodiments, the method further includes infer-
ring a 2-bit state of (0,0) when each of the first and the
second current 1s substantially zero.

In some embodiments, the method further includes infer-
ring a 2-bit state of (0,1) when the first current 1s substan-
tially zero and the second current 1s a significant non-zero
value.

In some embodiments, the method further includes infer-
ring a 2-bit state of (1,0) when the second current 1s
substantially zero and the first current 1s a significant non-
zero value.

In some embodiments, the method further includes infer-
ring a 2-bit state of (1,1) when each of the first and the
second current 1s correspondingly a significant non-zero
value.

In some embodiments, the read voltage applied to the
second S/D terminal 1s approximately -1V,

In some embodiments, the gate sub-threshold voltage
applied to the gate terminal 1s approximately 1V.

In some embodiments, the do-not-disturb voltage applied
to the first S/D terminal 1s approximately OV.

In some embodiments, a method of writing to a ferro-
clectric field-effect transistor (FeFET) (configured as a 2-bit
storage device that stores two bits, wherein the FeFET
includes a first source/drain (S/D) terminal, a second S/D
terminal, a gate terminal and a ferroelectric layer, a second
bit being at a first end of the ferroelectric layer, the first end
being proximal to the first S/D terminal) includes setting the
second bit to a logical 1 value, the setting the second bit
including applying a gate voltage to the gate terminal; and
applying a first source/drain voltage to the second S/D
terminal; and wherein the first source/drain voltage 1s lower
than the gate voltage.
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In some embodiments, the method turther includes apply-
ing a second source/drain voltage to the first S/D terminal,
and wherein the first source/drain voltage 1s substantially the
same as the second source/drain voltage.

In some embodiments, the gate voltage applied to the gate
terminal 1s approximately 3V; the first source/drain voltage
applied to the second S/D terminal 1s approximately OV; and
the second source/drain voltage applied to the first S/D
terminal 1s approximately 1V.

In some embodiments, the method further includes float-
ing the first S/D terminal.

In some embodiments, the method further includes setting,
a first bit of the two bits to a logical 1 value, the first bit being
stored at a second end of the ferroelectric layer, the second
end being proximal to the second S/D terminal, the setting
a first bit including applying the gate voltage to the gate
terminal; and applying the first source/drain voltage to the
first S/D terminal.

In some embodiments, a method of erasing a ferroelectric
field-efiect transistor (FeFET) (configured as a 2-bit storage
device that stores two bits, wherein the FeFET includes a
first source/drain (S/D) termuinal, a second S/D terminal, a
gate terminal and a ferroelectric layer, a second bit being at
a first end of the ferroelectric layer, the first end being
proximal to the first S/D terminal) includes setting the
second bit to a logical O value, the setting the second bit
including applying a gate voltage to the gate terminal; and
applying a first source/drain voltage to the second S/D
terminal; wherein the gate voltage 1s lower than the first
source/drain voltage.

In some embodiments, the method further includes apply-
ing a second source/drain voltage to the first S/D terminal,
wherein the second source/drain voltage 1s lower than the
first source/drain voltage.

In some embodiments, the gate voltage applied to the gate
terminal 1s approximately —2V; the first source/drain voltage
applied to the second S/D terminal 1s approximately 1V; and
the second source/drain voltage applied to the first S/D
terminal 1s approximately OV.

In some embodiments, the method further includes float-
ing a voltage at the first S/D terminal.

In some embodiments, the method turther includes setting,
a first bit of the two bits to a logical 0 value, the first bit being
stored at a second end of the ferroelectric layer, the second
end being proximal to the second S/D terminal, the setting
a first bit including applying the gate voltage to the gate
terminal; and applying the first source/drain voltage to the
first S/D terminal.

The foregoing outlines features of several embodiments
so that those skilled in the art may better understand the
aspects of the present disclosure. Those skilled in the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

What 1s claimed 1s:

1. A method of reading a ferroelectric field-eflect transis-
tor (FeFET) configured as a 2-bit storage device that stores
two bits, wherein the FeFET includes a first source/drain
(S/D) terminal, a second S/D terminal, a gate terminal and
a Terroelectric layer, a second bit being at a first end of the
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terroelectric layer, the first end being proximal to the first
S/D terminal, the method comprising;
reading the second bit including:
applying a gate sub-threshold voltage to the gate ter-
minal;
applying a read voltage to the second S/D terminal;
applying a do-not-disturb voltage to the first S/D ter-
minal;
sensing a first current at the second S/D terminal; and
wherein the read voltage 1s lower than the do-not-disturb
voltage.
2. The method of claim 1, wherein:
the do-not-disturb voltage 1s lower than the gate sub-
threshold voltage.
3. The method of claim 1, further comprising;:
reading a first bit of the two bits, the first bit being stored
at a second end of the ferroelectric layer, the second end
being proximal to the second S/D terminal, the reading
a first bit including;:
applying the gate sub-threshold voltage to the gate
terminal;
applying the read voltage to the first S/D terminal;
applying the do-not-disturb voltage to the second S/D
terminal; and
sensing a second current at the first S/D terminal.
4. The method of claim 3, further comprising:
inferring a 2-bit state ot (0,0) when each of the first and
the second current 1s substantially zero.
5. The method of claim 3, further comprising:
inferring a 2-bit state of (0,1) when the first current 1s
substantially zero and the second current 1s a significant
non-zero value.
6. The method of claim 3, further comprising;:
inferring a 2-bit state of (1,0) when the second current 1s
substantially zero and the first current 1s a significant
non-zero value.
7. The method of claim 3, further comprising:
inferring a 2-bit state of (1,1) when each of the first and
the second current 1s correspondingly a significant
non-zero value.
8. The method of claim 1, wherein:
the read voltage applied to the second S/D terminal 1s
approximately -1V,
9. The method of claim 1, wherein:
the gate sub-threshold voltage applied to the gate terminal
1s approximately 1V.
10. The method of claim 1, wherein:
the do-not-disturb voltage applied to the first S/D terminal
1s approximately OV.
11. A method of reading a ferroelectric field-effect tran-

sistor (FeFET) configured as a 2-bit storage device that
stores two bits, wherein the FeFET includes a first source/
drain (S/D) terminal, a second S/D terminal, a gate terminal
and a ferroelectric layer, a second bit being at a first end of
the ferroelectric layer, the first end being proximal to the first
S/D terminal, the method comprising:
reading a second bit of the two bits including:
applying a gate sub-threshold voltage to the gate ter-
minal;
applying a read voltage to the second S/D terminal;
applying a do-not-disturb voltage to the first S/D ter-
minal;
sensing a first current at the second S/D terminal; and
wherein the read voltage 1s lower than the do-not-disturb
voltage; and
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reading a first bit of the two bits, the first bit being stored
at a second end of the ferroelectric layer, the second end
being proximal to the second S/D terminal, the reading

a first bit including;:
applying the gate sub-threshold voltage to the gate
terminal;
applying the read voltage to the first S/D terminal;
applying the do-not-disturb voltage to the second S/D
terminal; and
sensing a second current at the first S/D terminal.
12. The method of claim 11, further comprising:
inferring a 2-bit state of (0,0) when each of the first and
the second current i1s substantially zero.
13. The method of claim 11, further comprising:
inferring a 2-bit state of (0,1) when the first current 1s
substantially zero and the second current 1s a significant
non-zero value.
14. The method of claim 11, further comprising:
inferring a 2-bit state of (1,0) when the second current 1s
substantially zero and the first current 1s a significant
non-zero value.
15. The method of claim 11, further comprising:
inferring a 2-bit state of (1,1) when each of the first and
the second current 1s correspondingly a significant
non-zero value.
16. The method of claim 1, wherein:
the do-not-disturb voltage 1s lower than the gate sub-
threshold voltage.
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17. A method of reading a ferroelectric field-effect tran-
sistor (FeFET) configured as a 2-bit storage device that
stores two bits, wherein the FeFET includes a first source/
drain (S/D) terminal, a second S/D terminal, a gate terminal
and a ferroelectric layer, a second bit being at a first end of
the ferroelectric layer, the first end being proximal to the first

S/D terminal, the method comprising;
reading the second bit including:

applying a gate sub-threshold voltage to the gate ter-
minal;

applying a read voltage to the second S/D terminal;

applying a do-not-disturb voltage to the first S/D ter-
minal, the do-not-disturb voltage being lower than
the gate sub-threshold voltage;

sensing a first current at the second S/D terminal; and

wherein the read voltage 1s lower than the do-not-disturb
voltage.

18. The method of claim 16, wherein:

the read voltage applied to the second S/D terminal 1s
approximately -1V,

19. The method of claim 16, wherein:

the gate sub-threshold voltage applied to the gate terminal
1s approximately 1V.

20. The method of claim 16, wherein:

the do-not-disturb voltage applied to the first S/D terminal
1s approximately OV.
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